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a b s t r a c t
Ce3þ-doped lutetium aluminum garnet (LuAG) phosphors have been successfully synthesized by a facile
carbon-free sol–gel method without using any organic gelling agent. Phase transitions from gel to LuAG
were well investigated by X-ray diffraction and thermal analysis. The results confirmed that a pure LuAG
phase can form at around 920 1C by directly crystallizing from amorphous material. Particle size of the
LuAG phosphor can be controlled by adjusting the heat treatment process; therefore, both nano and
micron-scale products can be obtained and they are suitable for the fabrication of laser scintillators and
white light emitting diodes, respectively. Agglomeration can be observed in the nano-sized phosphor.
For the micron-sized LuAG, a two-step process was used to avoid hard agglomeration. Particles of the
obtained micron-sized phosphor are uniform and well-dispersed. Luminescence properties of the
phosphors were characterized. Relative intensity of the micron-sized product is comparable with
commercial phosphor.
& 2014 Published by Elsevier B.V.
1. Introduction
Due to its high shock resistivity and outstanding chemical/
thermal radiation stability, lutetium aluminum garnet (LuAG)
crystal is known as an important host material for laser scintilla-
tors and luminescent materials [1,2]. When LuAG crystal is doped
with Ce3þ , it allows the 5d–4f transitions of Ce3þ , which makes
the LuAG: Ce material an efficient high response scintillator
and excellent green phosphor for white lighting emission diodes
(WLEDs) [1,3].
The Czochralski method is the main process used to fabricate
LuAG: Ce single crystal. However, this method requires expensive
equipment and is arduous. Alternatively, polycrystalline nano-
LuAG: Ce phosphor can be utilized in the fabrication of transparent
polycrystalline LuAG by ceramic process technologies [1,2,4].
In general, it is difficult to obtain the desired nano-LuAG: Ce
phosphor through the conventional solid state method; sol–gel
route as a good substitute for synthesis of nano-LuAG: Ce phos-
phors have been reported [4–7]. The success of these methods is
based on the application of organic gelling agents, which some-
times may cause carbon contamination and consequently suppress
the absorption and emission intensity of the products. Therefore,
there is an urgent need to use a carbon-free sol–gel method to
synthesis nano-LuAG: Ce phosphor.
In the field of general illumination, WLEDs have enormous
potential to replace conventional lighting sources [8,9]. Phosphor
is the key material of WLEDs. Extensive investigations on LED
phosphors have been conducted in recent years [3,5,8,9]. The most
popular approach for producing commercial WLEDs is coating
an InGaN blue LED with Y3Al5O12: Ce phosphor; however, this
approach may produce an uncomfortable glare which is mainly
originated from the relatively narrow emission areas. Coating a
blue chip with red CaSiAlN3: Eu and green LuAG: Ce phosphor is
an ideal solution for this problem [3,9,10]. Therefore, high quality
LuAG: Ce phosphor with micro-scale particle size is in great
demand.
With the above information in mind, we propose a facile carbon-
free sol–gel method to synthesis LuAG: Ce nano-phosphor for laser
scintillators. For this method, hydroxides of aluminumwere used as
the gelling agent to prepare LuAG [11]. In addition, LuAG phosphor
with average particle size of 3 μm is achievable by simply adjusting
the heat treating process. This micron-sized phosphor is suitable to
be utilized in the fabrication of WLEDs.
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2. Experimental procedure
Preparation: The starting materials are Lu(NO3)3 6H2O, Ce
(NO3)3 6H2O, Al(NO3)3 9H2O (all with the purity of 99.99%) and
aluminum powder (AR). The raw materials were weighted as a
molar ratio of Lu(NO3)3/Ce(NO3)3/Al(NO3)3/Al2.94/0.06/4.5/0.5,
placed into an erlenmeyer flask and de-ionized water was added.
The flask was heated to 90 1C and stirred continuously until the Al
powder completely dissolved. Then, the mixed solution was cooled
to room temperature. Dilute ammonia water (0.2 wt%) was used as
a catalyst with very slow addition; at the same time, the solution
was concentrated though a rotary evaporator to remove the excess
water from catalyst. After 2 h, the solution became viscous sol,
then, was heated to 65 1C and stirred slowly. The sol transformed
into gel which was dried at 85 1C for 8 h and ground to get the
precursor. Heat treatment of the gel precursor was conducted in
a tube furnace with the gas flow (N2/H295/5) of 50 mL/min.
Characterization: Phase composition was analyzed by X-ray
diffraction (XRD, Rigaku Ultima IV) using CuKα (λ¼1.542 Å)
radiation. Thermal analysis was conducted in air using a thermo-
analyzer with heating speed of 5 1C/min. (TG-DTA, Setsys evolu-
tion 18). Morphology and microstructure were observed by scan-
ning electron microscopy (SEM, Hitachi TM3000) and
transmission electron microscopy (TEM, JEOL JEM2100). The
luminescence properties (at room temperature) of the phosphors
were examined by a fluorescence spectrometer (Hitachi F7000)
equipped with a 60 W Xenon lamp and an integrating sphere.
3. Results and discussion
Differential thermal analysis (DTA) and thermal gravimetric
(TG) curves of the gel powder are shown in Fig. 1. An obvious
exothermic peak emerges at 920 1C which is attributed to the
crystallization of lutetium aluminum garnet. A broad exothermic
peak appears at 370 1C, which is mainly due to the decomposition
of nitrates. An unexpected peak can be seen at around 180 1C that
may result from the endothermic process of rapid water loss
at this temperature (also see the first derivative of TG curve,
Supplementary 1). The TG curve shows a weight loss up to 500 1C
which indicates the dehydration and decomposition of nitrates.
Fig. 2(a) shows the XRD patterns of the gel precursor annealed
at various temperatures. No crystalline phases are detectable
below 950 1C. A significant change of the XRD patterns between
900 1C and 950 1C indicates the occurrence of crystallization
from amorphous material to LuAG crystal; this phase transition
is consistent with the DTA result (920 1C). At 950 1C, the
characteristic peaks of LuAG phase were relatively weak and
broad, indicating that the LuAG product is microcrystalline. For
the sample annealed at 1100 1C, characteristic peaks are strong
and sharp, indicating that the product is well crystallized, but
grave hard agglomeration makes it unsuitable for application
[Fig. 2(b)]. In order to obtain fine powder phosphor, a two-step
process was utilized. Firstly, the gel was annealed at 900 1C for 2 h
then ground; secondly, it was annealed at 1100 1C for 2 h (denoted
as LuAG-micron, more details are shown in Supplementary 2).
Fig. 3(c) shows the morphology of LuAG-micron. The particles are
well crystallized and uniform with diameter ranging from 2–4 μm,
the crystal face and crystal edge are clear, and no obvious
agglomeration can be observed. These features make the LuAG-
micron suitable for the fabrication of WLEDs [10].
Morphology and microstructure of the LuAG annealed at
950 1C (denoted as LuAG-nano) are shown in Fig. 3. Agglomerated
particles with an average grain size of around 15 nm can be
observed in Fig. 3(a). This agglomeration maybe caused by the
bridging effect of adjacent particles through the hydrogen bonding
of water and the capillary action generated during the drying
process of the precursor [7]. All the particles are uniform. Inter-
planar spacing of (211) (d¼4.93 Å), energy dispersive X-ray ele-
ment analysis and selected area electron-diffraction pattern are
further evidences of the crystal structure which agree with the
XRD results.
Fig. 4(a) shows the excitation (508 nm-monitored) and emis-
sion (450 nm-excited) spectra of the LuAG phosphors. Fig. 4(b)
demonstrates the relative intensity of the phosphors. For com-
parative purposes, two additional samples have been prepared in
accordance with the reported methods which require organic
gelling agents [6,7] (denoted as LuAG-ref 6 and LuAG-ref 7,
respectively). All the LuAG: Ce samples show broad emission
spectra under excitation of 450 nm, which is assigned to the 5d–
4f transition of the Ce3þ . For the shape of the emission peaks,
there is slight change between LuAG-micron and LuAG-nano, this
can be attributed to the different heat treatment process which
probably affect the occupancy of Ce3þ and the crystal field of the
host material [7,9]. The emission intensity of LuAG-nano is
noticeably stronger than LuAG-ref 6 and LuAG-ref 7. There are
many factors that can affect the luminescence intensity of phos-
phors; carbon residue is one of them. The emission intensity of
LuAG-micron is much stronger than the other three. It is mainly
because the higher annealing temperature can increase the crys-
tallinity. In addition, nano-sized phosphors exhibit a peculiar
photo bleaching behavior which can significantly decrease the
emission intensity under continuous excitation [12].Relative inten-
sity of LuAG-micron approaches to 80% of commercial LuAG
Fig. 1. DTA (a) and TG (b) curve of gel processor tested in air.
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phosphor (15 μm). In addition, quantum yield of the LuAG-micron
is 78.04% (Supplementary 4), which is close to commercial
phosphor (Intematix GAL535-02-15 89.16%). Further process opti-
mization is still in progress.
4. Conclusions
We propose a novel method to prepare Ce3þ-doped lutetium
aluminum garnet (LuAG) phosphors by using aluminum as gelling
Fig. 2. XRD patterns (a) of the precursor annealed at various temperatures for 2 h; (b) SEM image of the sample annealed at 1100 1C. (c) SEM image of the sample
synthesized by the two-step process.
Fig. 3. TEM (a), (b) micrograph of the LuAG-nano; (c) selected area electron-diffraction pattern of the LuAG-nano; (d) EDX of the marked area.
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agent. No carbon-containing material is required. LuAG crystal
phase can form at 920 1C which is obviously lower than in
traditional synthetic approach (41400 1C). The forming process
is well studied by thermal analysis and X-ray diffraction. The
particle size of the LuAG phosphor can be controlled by adjusting
the heat treatment process; therefore, both nano-scale and
micron-scale phosphors can be obtained which makes this
method have dual purposes for laser scintillators and white light
emitting diodes (WLEDs). The luminescence properties of micron
scale LuAG accord with the requirements of current blue LED.
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